We present high-dispersion spectroscopic data of the compact planetary nebula Vy 1-2, where high expansion velocities up to 100 km s −1 are found in the Hα, [N ii] and [O iii] emission lines. HST images reveal a bipolar structure. Vy 1-2 displays a bright ring-like structure with a size of 2.4 ′′ ×3.2 ′′ and two faint bipolar lobes in the west-east direction. A faint pair of knots is also found, located almost symmetrically on opposite sides of the nebula at PA=305
INTRODUCTION
Planetary nebulae (PNe) are the consequent result of the interaction of stellar winds ejected from low-to-intermediate mass stars (1-8 M⊙) . A slow and dense wind (10 −4 M⊙), emerges from an Asymptotic Giant Branch (AGB) star, is swept up into a dense spherically symmetric shell by a second, faster and tenuous wind expelled during the post-AGB phase (interacting stellar wind model; Kwok et al. 1978) . This model can reasonably explain the formation and evolution of spherical PNe. However, most post-AGB stars and PNe show highly asymmetric circumstellar envelopes and complex morphologies (Manchado et al. 2006, Meixner et ⋆ e-mail:akras@astro.ufrj.br al. 1999, Parker et al. 2006 , Boumis et al. 2003 , 2006 , Miszalski et al. 2008 , Lagadec et al. 2011 , Sahai 2011 , Sabin et al. 2014 ).
The deviation of PNe from spherically symmetric structures has its origin in an enhanced equatorial-to-polar density gradient in the AGB circumstellar envelopes resulting in the formation of aspherical and more complex nebulae. This equatorial density enhancement is interpreted as the result of common envelope evolution of close binary systems (Soker & Livio 1994 , Nordhaus & Blackman 2006 , De Marco 2009 . Although, most of the post-AGB and PNe show complex morphologies, only a small number of them are known to contain a binary system (Miszalski et al. 2009 , De Marco 2009 ). Recent work by Jones et al. (2014) confirmed the binary nature of Hen 2-11's nucleus, providing further evi- dence of a positive link between binary nuclei and aspherical PNe.
The compact planetary nebula Vy 1-2 (PNG 053.3+24.0), discovered by Vyssotsky (1942), had first been described as an elliptical PN ("The IAC Morphological Catalogue of Northern Galactic Planetary Nebulae"; Manchado et al. 1996) , but recent high angular resolution HST images revealed a more complex structure (Sahai et al. 2011, Shaw et al. in preparation) . According to Winberger's catalogue of expansion velocities of Galactic PNe, Vy 1-2 shows V [O III] > V [N II] (Weinberger 1989) . This result is inconsistent with a simple homologous expansion law. A similar velocity trend has also been found for few other PNe, (e.g. BD +30
• 3639, Akras & Steffen 2012 , Bryce & Mellema 1999 ; see also Medina et al. 2006 for more objects). A detailed study of the velocity field as a function of distance from the central stars in PNe has revealed a more complex expansion law than the simple homologous-law, probably associated with the fast wind from the central stars (Gesicki & Zijlstra 2003) . Interestingly, the central stars of this rare group of PNe have been identified as Wolf-Rayet type ([WR]) or weak emission line stars (WELS) (Medina et al. 2006) . Unfortunately, the spectral type of the central star of Vy 1-2 is still unknown. Barker (1978a,b) , and more recently Wesson et al. (2005) , as well as Stanghellini et al. (2006) studied the ionisation structure and chemical composition of this nebula. A comparison between these studies shows a significant discrepancy in the ionic and total chemical abundances (see Tables 5 and 6 ). This may be related to the different values of Te and Ne used by these authors. In particular, Wesson et al. (2005) estimated Ne and Te using diagnostics line ratios from low to high excitation lines (see Table 4 Wesson et al. (2005) , may not be correct.
The logarithmic Hβ flux (erg s −1 cm −2 ) was estimated to be -11.52±0.01 (Barker 1978a; hereafter Bar78a) and -11.53 (Wesson et al. 2005 ; hereafter WLB05). Vy 1-2 is also a radio source with 1.4 GHz flux equal to 12.4±0.9 mJy and extinction coefficient c(radio)=0.1, which is slightly lower than the optical value from WLB05 (c(Hβ)=0.139). The coordinates of Vy 1-2 are given at RA 17 h 54 m 23 s and Dec. 27
• 59 ′ 58 ′′ for the optical, and RA 17 h 54 m 23 s .49 and Dec. +27
• 59 ′ 58 ′′ .5 for the radio position (Condon & Kaplan 1998) .
The first estimation of the effective temperature of the central star of Vy 1-2 was by Gurzadyan (1988) , 124 kK and 66 kK using the He ii/ Hβ and [O iii]/ He ii line ratios, respectively. More recently, Stangellini et al. (2002) calculated T eff = 119±25 kK and log(L/L⊙) = 3.275±0.285, for a distance of 7.24 ± 0.13 kpc, whereas Phillips (2003) estimated the He i and He ii Zanstra temperatures of 75.4 ± 10.2 kK and 99.8 ± 4.3 kK, respectively. Its distance is uncertain. It has been estimated to range from 4.38 kpc to 7.6 kpc: 4.7 kpc (Maciel 1984) ; 5.7 kpc (Sabbadin et al. 1984) ; 4.38 kpc (Phillips 1998 ) and 7.6 kpc (Cahn & Kaler 1971 , Cahn et al. 1992 . However, all the aforementioned authors used a radius of 2.4
′′ for their distance estimation obtained from Cahn and Kaler (1971) . No high-angular resolution of Vy 1-2 had been obtained until 1996 (Manchado et al. 1996) . More recently, Shaw et al. (in preparation) obtained the high-angular HST images that we present here. The value of 2.4
′′ is almost ∼1.6 times larger than the radius find in this work using the HST images (see below). This implies that the previous reported distances of Vy 1-2 are likely underestimated.
The large differences in chemical abundances and effective temperature inspired us to study this nebula and provide more accurate determinations of stellar and nebular properties. We present high-resolution HST images of Vy 1-2 in the [O iii] emission line and broad-band filter F200LP, as well as new high-and low-dispersion spectra in order to provide further insight into the kinematic structure and chemical composition of this compact nebula. In Section 2, we describe the observations and data reduction procedures. In Section 3, we present the results from the morpho-kinematic and chemical analysis. We also present the physical properties and chemical abundances derived from the ionisation correction factor (ICF; Kingsburgh & Barlow 1994) and from a photo-ionisation model performed with Cloudy . Our results are discussed in Section 4 and conclusions are summed up in Section 5.
OBSERVATIONS

HST imaging
High-resolution HST images of Vy 1-2 were drawn from the Mikulski archive for space telescopes (Shaw et al. in preparation) . They were taken with the Wide Field Planetary Camera 3 (WFPC3) on February 8 th 2010 (GO program 11657, PI: Stanghellini L.). The narrow-band F502N filter (λ=5009.8Å) was used to isolate the [O iii] 5007Å emission line and determine the morphology of Vy 1-2 (Fig. 1) , while the broad filters F200LP, F350LP and F814W ("I", see Table 1) were obtained in order to probe the presence of a cold binary companion. The exposure times were 600, 11, 11, and 23 sec, respectively. A faint outer shell or halo as well as a pair of knots can be discerned in the [O iii] image (Fig. 1 , left panel), while the F200LP (Fig 1, right panel) image is used to highlight the inner nebular components: the bright elliptical ring-like structure and the faint lobes.
We carefully investigate whether the outer shell/halo is a real nebular component or the result of scattered light from the bright inner nebula in the HST optics. In Figure 2 , left panel, we display the radial profile of a theoretical PSF 1 (green solid line), of two field stars (observed with the same camera and filter; red and blue solid lines) and of Vy 1-2 (yellow dashed line). The radial profiles between the two field stars and the theoretical PSF agree reasonably well. A discrepancy with the modelled PSFs can be seen at around 1.5-2 ′′ , though it is negligible compared to the Vy 1-2's profile. On the other hand, Vy 1-2 shows a maximum brightness at r=1.2 ′′ (at the position of the ring-like structure), while for r>2.2-2.3 ′′ (indicated by a vertical arrow in Fig. 2 ) shows a similar steep decline for the stars and theoretical PSF but two magnitude brighter. The theoretical [O iii] PSF was used to convolve the HST image using Leon Lucy's algorithm in STSDAS. The azimuthally-averaged profile of the convolved image is presented in Figure 2 , right panel. The bump at r=2.2-2.3
′′ is indicated by a vertical arrow. For r>2.3 ′′ , the profile is a constant function, which means that the outer shell/halo is seen due to the PSF scattering. In particular, for a power-law density distribution of ρ(r)∝r −1 , a r −2 surface brightness is expected (Sahai et al. 1999 ), which we do not see here. Nevertheless, some contribution of scattering light from dust can not be excluded, given that Vy 1-2 has been found to be a strong IR emitter.
High-dispersion longslit spectroscopy
High-dispersion, long-slit spectroscopic data of Vy 1-2 in Hα+[N ii] and [O iii] were obtained using the Manchester echelle spectrometer, (MES-SPM; Meaburn et al. 2003 ) on the 2.1 m telescope at the Observatorio Astronómico of San Pedro Martir in Baja California, Mexico, in its f/7.5 configuration. The observing run took place on May 2011 and April 2012 (see Table 1 ). The MES-SPM was equipped with a Marconi CCD detector with 2048×2048 square pixels and each side of 13.5 µm (≡0.176 ′′ pixel −1 ). A 90Å bandwidth filter was used to isolate the 87 th order containing the Hα and [N ii] λλ 6548, 6584Å, and the 113 th order containing the [O iii] 5007Å emission lines. Two-by-two binning was employed in both the spatial and spectral directions (a three-by-three binning was employed in both directions for the observing run in May). Consequently, 1024 increments, each 0.
′′ 352 long, gave a projected slit length of 5. ′ 12 on the sky. The slit used was 150 µm wide (≡ 11 km s −1 and 1. ′′ 9). During the observations the slit was oriented at different position angles. The integration times were 1800 sec, 1500 sec and 1200 sec (see Table 1 for details). In order to avoid any contamination from the bright central star, the slits were slightly offset from it by ∼0.5 ′′ , covering only the bright ring-like structure.
A faint continuum could be discerned within the very short spectral range of our single-order echelle spectra. The wavelength calibration was performed using a Th/Ar calibration lamp to an accuracy of ±1 km s −1 when converted to radial velocity. The data reduction was performed using the standard IRAF 2 and STARLINK routines. Individual images were bias subtracted and cosmic rays removed. All spectra were also calibrated to heliocentric velocity. 
Low-dispersion spectroscopy
Low-dispersion spectra of Vy 1-2 were obtained with the in conjunction with a 2000 x 800 SITe CCD (15 µm pixel), resulting in a scale of 1Å pixel −1 and covering the wavelength range of 4700-6800Å. The slit width used was 7.7 ′′ with a slit length of 7.9 ′ and oriented in the north-south direction (Slit position 1). Two different exposure times were taken in order to identify both the bright and faint emission lines: 3600 sec (saturated in Hα and [O iii] 5007Å lines, but detecting the much fainter lines) and 3 x 300 sec. The spectro-photometric standard stars HR5501, HR7596, HR9087, HR718 and HR7950 (Hamuy et al. 1992 ) were ob- served in order to flux calibrate the spectra, while the fluxes were also corrected for atmospheric extinction and interstellar reddening.
The data reduction was performed using standard IRAF routines. Individual images were bias subtracted and flatfield corrected using a series of twilight flat-frames. The skybackground was also subtracted from each individual frame while no dark frames were used as the dark current was negligible. Finally, the wavelength calibration was performed using a Fe-He-Ne-Ar calibration lamp. • , located at 11.5 ′′ (knot S) and 14.5 ′′ (knot N) from the central star. The right panel shows an enlargement of the nebula, revealing a bright elliptical ring-like structure with a minor and major axis of 2.4 ′′ and 3.2 ′′ , respectively. This implies a mean radius of ∼1.4
RESULTS
Morphology
′′ . This value is ∼1.6 times lower than the value used previously for the distance estimation obtained from ground-based observations. Thus, we recalculated the distance of Vy 1-2 using our more accurate value of radius, and we obtain a distance between 7.0 kpc and 14.5 kpc. These distances clearly indicate that Vy 1-2 is a distant nebula. An average distance of 9.7 kpc is adopted here.
The ring-like structure has a non-uniform emission along its perimeter, with an apparent filamentary structure, which indicates a strong interaction of stellar winds in addition of an inner cavity. Its major axis is oriented towards to a P.A.=320
• , 15
• rotated from the knots' direction. This may be associated with a possible precession of the rotation axis of a single central star, or the orbital plane of a binary star at the centre of Vy 1-2. Two faint lobes are also apparent in the east-west direction (P.A. ∼90
• ). Despite their very low surface brightness compared to the central ring-like structure, their morphology suggests a bipolar structure, like the Homunculus nebula and Hb 5 PN. The eastern and western bipolar lobes are found to be blue-and red-shifted, respectively, while their different sizes imply a tilted nebula towards the line of sight. In Figure 3 , we illustrate a schematic 3-D diagram of Vy 1-2 for different points of view, using the code SHAPE (Steffen et al. 2011 ). This simple model reproduces fairly well the main components of Vy 1-2, such as the ring-like structure and the bipolar lobes as well as the orientation of the nebula (inclination and position angles). The inclination angle of the model is 13
• , while the ring-like structure is best described with an ellipse. Any attempt to reproduce the ring-like structure assuming a round shape, resulted in a very high inclination angle of ∼50
• that we do not get from the PV diagrams. Our 3-D structure of Vy 12 is only one of many other solutions that can be obtained just by varying the size of bipolar lobes and the orientation accordingly.
Moreover, in order to investigate the possible presence of a cold binary companion, the F200LP, F350LP and F814W broad-band images were studied. With the available data, we found no evidence of a nearby companion. If the central star is a binary system, then the projected separation must be smaller than 0.08 ′′ .
Kinematics
In Figures Lee H.-W. et al. 2001 ) that exhibit the 6581Å emission line. However, those objects also exhibit the 6545Å line, which usually is attributed to the Raman scattered He ii line that is not detected in our data. Both the 6578Å and 6581Å lines have also been detected in the symbiotic star AE Circinus, and identified as carbon lines (Mennickent et al. 2008) . The 5002Å line has been detected in the J320 (PNG190.317.7) nebula but no identification was provided (Harman et al. 2004) .
The PV diagrams clearly show the presence of a highspeed component (wide wings) with velocities up to 90-100 km s −1 , and a much slower component ∼20 km s Table 2 ). These expansion velocities correspond to the bright, inner ring-like structure. Two separated blobs can be discerned in the [N ii] 6584Å PV diagram from the slit position 4 ( Fig. 6 ; right, lower panel), similar to those of a pole-on toroidal or ringlike structure, whilst high expansion velocities are not apparent, since this slit position covers only a small part of the bipolar lobes. All the widths are corrected: for the 20 km s the thermal broadening of 10.7 km s −1 (10000 K), and the fine structural broadening from this line at ∼6 km s −1 (Meaburn et al. 2005) .
Additional to the previous low velocity components, the line profiles of Vy 1-2 also present broad wings (Figs. 9-12 
±2
• to the line of sight. The average systemic velocity of the nebula is Vsys=-85 km s −1 , with a standard deviation of 4 km s −1 , in good agreement with the previous value of -82.4±3.9 km s −1 quoted by Schneider et al. (1983) . Figure 8 shows the PV diagram obtained along P.A.=305
• in Hα+[N ii], drawn from the recently released SPM Kinematic Catalogue of Galactic Planetary Nebulae (López et al. 2012 ). This spectrum covers, apart from the bright ring-like structure, the faint knot N (Fig. 1) . The Hα line profile of this knot is centred on VHEL=-80±4 km s −1 . This central value should be compared to the systemic heliocentric radial velocity of the whole nebula, Vsys=-85±4 km s −1 .
Ionisation structure
Nebular parameters and ICF abundances
The panels in Figure 13 display the low-dispersion spectra of Vy 1-2 that cover the wavelength range of 4700-6800Å for exposure times of 3600 (upper panel) and 300 sec (lower panels), respectively. Several emission lines from low-to-high and very high ionisation states are present and some are detected for the first time in this nebula. Liu et al. (2000; NGC 6135, 2001; M1-42 and M2-36) and Ercolano et al. (2004; NGC 1501) , or as [Fe vi] line by Hyung & Aller (1997) . However, the latter classification requires, a very hot star of T eff 140 kK, which is not in agreement with the values previously published (T eff =119 kK, Stangellini et al. 2002; 75 .4 kK< T eff <99 kK, Phillips 2003) .
All very faint emission lines presented here are only detected in our deep spectrum (texp=3600 sec). Notice that WLB05 did not detect any of these lines due to their shallow spectroscopy.
In Table 3 , we list the optical nebular emission line fluxes, corrected for atmospheric extinction and interstellar reddening. All line fluxes are normalized to F(Hβ)=100. The interstellar extinction c(Hβ) was derived from the Balmer Hα/Hβ ratio (Eq. 1), using the interstellar extinction law by Fitzpatrick (1999) and Rv=3.1,
where the 0.348 is the relative logarithmic extinction coefficient for Hβ/Hα. The observed reddening in magnitude E(B-V) was also calculated using the following relationship (Seaton 1979),
where the extinction parameter X β = 3.615 (Fitzpatrick 1999) . The errors of the extinction c(Hβ) and E(B-V) are calculated through standard error propagation of equations (1) and (2). We obtain c(Hβ)=0.13±0.03, in agreement with the value quoted by WLB05 (c(Hβ)=0.139) and E(B-V)=0.09±0.02. Our logarithm Hβ flux -11.56±0.03 is also in very good agreement with previous studies (-11.53, WLB05; -11.52, Bar87a) and the recently published catalogue of integrated Hα fluxes of Galactic PNe (Frew et al. 2013) . Notice that the interstellar extinction c(Hβ) of Vy 1-2, given by Frew et al. (2013) is significantly lower than the previous values.
The nebular electron temperature (Te) and density (Ne) are derived using the TEMDEN task in IRAF (Shaw & Dufour 1994) . From the [N ii] (6584+6548)/5755 and [O i] (6300+6363)/5577 diagnostic line ratios, we obtain Te= 10850±2100 K and 10400±5400 K, respectively, whilst Figure 13 . Observed spectra of Vy 1-2 taken with the 1.3-m telescope. Upper panel displays the spectrum with an exposure time of 300s, covering the wavelength range of 4700-6800Å. Lower panels display two enlargements of the spectrum (left: 4700-5700Å, right: 5700-6800Å) with an exposure time of 3600 sec, in order to highlight the weaker emission lines. and Ne=1000 cm −3 , respectively. The observed intensity of He i 4712Å is 0.519 (WLB05) and lies between the theoretical lower and upper limits, as it is expected, given that Ne= 4330 cm −3 also lies between the equivalent lower (1000 cm The recently released software, namely PyNeb (Luridiana et al. 2011) was used to construct the Te-log(Ne) diagnostic plot for Vy 1-2 from our data and those from WLB05 (Fig. 14) . This diagram illustrates the whole picture of the physical conditions in Vy 1-2 where a good solution for Telog(Ne) is found; Te ∼11000 K and log(Ne) ∼ 3.6 cm Most of the emission lines in our spectra are in very good agreement with those reported by WLB05, except the [S ii] 6731Å emission line, which surprisingly differs by a factor of 1.5 (see Table 3 ) and reflects on the significant Ne difference. Our estimation of Ne([S ii])=4500 cm −3 agrees 
. The ionic abundances of N, O, S, Cl and Ar, relative to H + , are derived using the ionic task in IRAF (Shaw & Dufour 1994) 3 . Te=10600 K and Ne= 4500 cm −3 are used for both low and high-ionisation regions.
The He + /H + and He ++ /H + ionic abundance ratios are calculated based on the work of Benjamin et al. (1999) . For the total chemical abundances we used the ionisation correction factor in order to correct for the unobserved states of ionisation (ICF; Kingsburgh & Barlow 1994) . Since the aforementioned authors do not provide an ICF for the Cl, we used the equivalent equation from Liu et al. (2000) . In Table 5 , we list the observed ionic and total abundances derived in this work, together with those derived by WLB05 and Bar78b. For a direct comparison the ionic abundances from our best-fit model are also included in Table 5 . The ICFs computed from our model are listed in Table 5 . One can see that N shows the largest discrepancy in ICFs between the empirical method (Kingsburgh & Barlow 1994) and our photo-ionisation model. This difference in the ICFs is not such high to significantly alter the N/O abundance ratio and the classification of the nebula as non-Type I, like in NGC 1501 (Ercolano et al. 2004 ).
Photo-ionisation modelling
In order to perform a more assiduous study on the ionisation structure of Vy 1-2, we constructed a photo-ionisation model using Cloudy (version 13.02; Ferland et al. 2013 ). Several atomic, ionic and molecular databases are used within Cloudy (e.g. Dere at al. 1997; Badnell et al. 2003; Badnell 2006 , Landi et al. 2012 ; among others). The complete information can be found in Linkins et al. (2013) and .
Cloudy code uses as input parameters, (a) the energy distribution of the ionising radiation, (b) the luminosity of the central star and (c) some additional constraints that are usually estimated from the observed spectrum, which should as well be reproduced by the model such as the Te and Ne. Both parameters are required for determining the thermal balance of PNe. Because the configuration of the spectrograph does not include the lines of [O ii] 3726Å and 3729Å, [Ne iii] 3869Å and 3968Å, He ii 4686Å, [Ar iii] 7135Å, they were drawn from WLB05.
The model of Vy 1-2 was developed using the simplest set of assumptions (i) a blackbody approximation for the central star and (ii) a spherically symmetric nebula with constant density. The initial abundances of He, N, O, S, Ar and Cl were taken from our empirical analysis whereas Ne and C abundances from WLB05, and all of them were kept as free parameters, except C. Dust grains were also included in the model since they play an important role in the thermal balance of PNe. However, there is no information regarding the grain composition (no ISO spectra are available) and a mixture of Polycyclic Aromatic Hydrocarbons (PAHs; optical constants from Desert et al. 1990 , Schutte et al. 1993 , Li & Draine 2001 ; for more detail see Ferland et al. 2013 ) and astronomical graphite and silicate (Martin & Rouleau 1991; Laor & Draine 1993 ) with a constant dust-to-gas ratio, was adopted. The amount of PAH, graphite and silicate, grains were also kept as free parameters. Furthermore, the filling factor was kept as a free parameter in order to reproduce the observed Hβ flux.
Given that C, O and N are the most important coolant elements in PNe, and they play a significant role in the thermal balance, small changes in their abundances can significantly affect the intensities of the emission lines of all elements. Hence, in order to get the best fit between the modelled and observed spectrum, we Table 3 together with the observed spectrum. The mean difference between the observed and modelled intensities is ∼10% for the bright lines (S/N>5) and ∼20-30% for the fainter lines (S/N< 5). The [K iv] 6101Å and [Si ii] 5040Å lines, as well as the stellar C ii 6461Å, C iv 5801 and 5812Å and the O iii 5592Å lines, were not used to constrain the model.
As for the carbon, we assumed a constant abundance of log(C/H)+12=8.08, which was derived from the collisionally excited lines but it was not possible to get a good match of the CEL and ORL at the same time (very weak ORL), while the ionisation balance of C was far from the observed value. Assuming a higher C abundance (of 9.0), the model better predicts the ORL but overestimates the CEL. In addition to the blackbody stellar model, a H-deficient stellar atmosphere model for the ionizing source was also used. A good match between the modelled and observed spectrum could be obtained only for the case of high C abundance (ǫ(C)>9).
In conclusion, whatever stellar atmosphere model was chosen for Vy 1-2, we did not fully reproduce the observed properties (e.g. the ionisation balance of the elements) to a satisfactory degree. In particular, the ionisation balance of all the elements is overestimated by the low C abundance model, whilst the higher C abundance model seems to produce an ionisation balances that matches better the observed ones. Also, our simple spherically symmetric shell geometry seems to be far from the real structure of the nebula, which as discussed in § 3.1 seems to have a bipolar structure or at least a significant deviation from a spherically symmetric morphology.
DISCUSSION
Morpho-kinematic analysis
Vy 1-2 shows a high-speed component expanding with velocities up to 90-100 km s −1 , which is likely associated with the material in the faint bipolar lobes, with the eastern and western being blue-and red-shifted, respectively. Considering that these lobes are inclined by 10
• with respect to the line of sight and their projected distance on the sky is 3.6 ′′ (measured from the eastern to the western lobe), we get a rough estimation of the nebula's size along the polar axis of 20.4 ′′ (r=10.2 ′′ ). Given that the bipolar lobes have a deprojected radial expansion velocity of 90-100 km s −1 , their kinematic age is found to be 5200±750 years, for D=9.7 kpc.
A pair of knots is marginally detected in the HST [O iii] image, located at 11.5 ′′ (knot S) and 14.5 ′′ (knot N) from the central star. The projected expansion velocity of knot N differs from the Vsys of the nebula by 5 km s −1 . This converts to a de-projected radial velocity in a direction away from the central star of V=5/cos(θ) km s −1 , where θ is the inclination angle of the knot to the line of sight. If we consider that the pair of knots is the result from the same ejection that formed the bipolar nebula (same age), its de-projected expansion velocity should be up to ∼130 km s −1 . Taking into account the projected velocity of knot N (5 km s −1 ), as measured from the PV diagrams (Fig. 8) , the inclination angle of the knots is found 89
• with the respect to the line of sight. This suggests a possible precession of the putative central star system and multiple ejection events leading to the formation of a bipolar nebula.
A single Gaussian was fitted to the emission line profiles of Hα, He ii, [N ii] and [O iii] and gave expansion velocities for the unresolved ring-like structure of 19±3 km s −1 , (23-25)±4 km s −1 , (8-9)±2 km s −1 and 18±3 km s −1 , respectively. For Vexp=19 km s −1 and r=1.4 ′′ , we estimate the kinematic age of the ring-like structure ∼3500±500 years. This means that the ring-like structure was formed more recently than the bipolar lobes, which is not feasible. If, although, the inclination angle of the bipolar lobes is slightly higher of 15
• , we get the same dynamical age for both component, ring-like and bipolar lobes, of 3500 years.
The velocity trend, on which the low-ionisation gas (e.g. [N ii]) expand slower than the high-ionisation gas-e.g.
[O iii], He ii, is not consistent with a typical homologous expansion law, where their expansion velocity increases linearly with the distance from the central star. Despite the fact that V [O III] and VHe II could be roughly considered the same within the uncertainties, the much lower V [N II] provides strong evidence for a non-homologous expansion. A small group of PNe (e.g. BD +30
• 3639, Akras & Steffen 2012; see also Medina et al. 2006 ) has been found to show this velocity trend. The central stars of those PNe are either [WR] or WEL-type stars (Medina et al. 2006) . The acceleration of the inner zones of the nebula might be the result of strong, fast winds from a [WR] or WEL nucleus (Gesicki & Zijlstra 2003) . The detection of the C ii 6461Å, C iv 5801 and 5812Å and O iii 5592Å stellar lines in Vy 1-2 supports this scenario (see §4.3.2). Another possible scenario responsible for the acceleration of the inner nebular regions is a nova-type eruption of a close binary system. Akras & Steffen (2012) propose this mechanism in order to explain the morpho-kinematic characteristics of the young BD +30
• 3639 nebula.
Chemical analysis
The plasma parameters of Vy 1-2 such as Te, Ne and chemical abundances were derived by means of the empirical methods and photo-ionisation modelling. Our best-fitting model provides a good approximation of the observed spectrum, except for the [O iii] 4959, 5007Å doublet, and adds some constraints to the nebular and stellar properties of Vy 1-2. The predicted Hβ flux is in a good agreement with the observed flux (see Table 3 ) with a filling factor equal to 0.44. The mean difference between the observed and mod- ii) shock excitation of neutral lines close to the ionisation front may be significant. We can actually rule out the first scenario since the model predicts a density-bounded nebula whereas high expansion velocities up to 90-100 km s −1 could favour the second scenario.
The total chemical abundances of Vy 1-2, for a blackbody stellar flux distribution, are listed in Table 6 , which also includes those derived from previous studies, as well as the solar abundances, for direct comparison. The low He and N/O abundances imply a non Type-I nebula based on both Peimbert & Torres-Peimbert's (1983) and Kingsburgh & Barlow (1994) classifications. The O abundance derived from the empirical ICF is found to be almost solar and close to the average value of non-Type I PNe (Bohigas 2008) . Our best-fitting model predicts a somewhat higher value by 0.25 dex meaning that the star has not undergone the ON-cycle burning during the second dredge-up phase.
Given that Vy 1-2 is an O-rich nebula -log(C/O)=-0.62, WLB05; or log(C/O)=-0.83; our model -and the C abundance (ǫ(C)=8.08) is lower than half of the solar (Asplund et al. 2009) as well as the average non-type I PNe values, the N enrichment must have occurred by the conversion of C to N, via the hot-bottom burning (HBB; CN-cycle). It is known from theoretical models of stellar nucleosynthesis that only the progenitor stars with masses 3 M⊙ undergo the 2 nd dredge-up and HBB events (Karakas et al. 2009 ). This result is inconsistent with the low N/O abundance ratio ) and a low-mass progenitor star ( 1 M⊙).
Unlike the single star evolutionary models, a close binary system can give such low N/O and C/O abundance ratios via the mass-transfer exchange (Iben & Tutukov 1993 , De Marco 2009 De Marco 2009 ). In a common envelope evolution, the AGB-phase may be significantly shorter than in a single star case resulting in the formation of an O-rich envelope (Izzard et al. 2006) .
A comparison of the chemical abundance of Vy 1-2 with those derived from PNe with different types of nucleus (normal, WEL and [WR] ) shows that the He abundance and N/O ratio better match with those from WEL-type nuclei while the O abundance with those from WEL-and [WR] types (Górny et al. 2009 ). As for the other elements, Ne matches those from WEL-type nuclei, Ar those from WELand normal-type nuclei, while Cl abundance is found to be significantly lower than those values derived by Gorny et al. (2009) for all types of nuclei, but closer to the solar value. In particular, the average abundance of Cl varies from 6.12 to 6.48, while we find ǫ(Cl)=5.22 (ICF method) and 5.31 (photo-ionisation model). S abundance seems to match all types of nuclei due to the large difference between the ICF method (ǫ(S)=6.80) and the photo-ionisation model (ǫ(S)=7.37). This may be a consequence of the poor fit of the [S iii] 6312Å emission line. The abundance uncertainties are ∼10% for the He and ∼20-30% for the rest of the elements.
It is worth mentioning here that Vy 1-2 has also been considered as a candidate halo PN due to its large distance from the Galactic plane (∼500) and its high systemic velocity (-85±4 km s −1 ) (Quireza et al. 2007 ). However, a comparison of its chemical abundances with those from Galactic disk and halo PNe (Otsuka et al. 2009 ) does not support this classification.
The best-fitting model of Vy 1-2, presented here, fails to reproduce the [O iii] 5007Å and 4959Å emission lines. The difference between the observed and modelled values is about 14%, similar to another PN with a WR-type central star as well as large abundance discrepancy factors (ADFs), NGC 1501 (Ercolano et al. 2004) . We have to point out, though, that the emission line ratio [O iii] 5007/4363, which is an indicator of Te of the nebula, is predicted with an accuracy better than 5%. The main causes of the model's inability to reproduce the observed ionization balance and predict the bright [O iii] lines may be: i) the structure of the nebula, which is far from the spherically symmetric assumption, ii) the stellar continuum, where neither the blackbody nor an H-deficient stellar atmosphere model were able to reproduce all the observed data and/or iii) the dust composition, which seems to play a crucial role in this objects, but no information is available for Vy 1-2.
The large ADFs found in Vy 1-2 for O ++ , N ++ , C 3+ , C ++ and Ne ++ are of 6.17, 11.8, 14.0, 9.27 and 13.8, respectively (see WLB05) and could indicate the possible presence of cold H-deficient clumps in the nebula, which may also hinder the results of our model This possibility is, however, beyond the scope of this paper.
Central star
Evolutionary status
Our simple blackbody stellar model predicts a luminosity log(L/L⊙)=3.40 and an effective temperature T eff =98 kK, for D=9.7 kpc. For a distance of 7.8 kpc, we obtain log(L/L⊙)=3.21 in good agreement with those values reported by Stangellini et al. (2002) and Phillips (2003) . Figure 15 portrays the positions of Vy 1-2's central star in the HR diagram, for a distance of 9.7 kpc. The theoretical evolutionary tracks plotted are the hydrogen-burning (left panel) and helium-burning (right panel) models from Vassiliadis & Wood (1994; upper panels) and (Blöcker 1995; lower panels) . In Vassiliadis and Wood's models, the central star corresponds to a progenitor mass of 1 M⊙ and a core mass of 0.569 M⊙ (hydrogen-burning ) and 0.567 M⊙ (heliumburning). The timecales from these evolutionary tracks are significantly higher than the kinematic age of the nebula with 26000 years and 41000 years for the hydrogen-and helium-burning respectively. In Blöcker's models, the evolutionary track for a very late thermal pulse (VLTP) (lower, right panel) implies a progenitor star of 3 M⊙ and a core mass of 0.625 M⊙. Even though the timescale of the former evolutionary track is still higher than the kinematic age of the nebula, by a factor of ∼2, it is closer to the observed value. The scenario of a close companion and mass-transfer exchange would be able to explain the rapid evolution of the star. Unlike the 1 M⊙ low mass star, a 3 M⊙ progenitor star can go through the HBB effect during the 2 nd dredge-up phase resulting in enhancement of N and depletion of C. The detection of the C ii 6461Å, the doublet C ivλ λ 5801, 5812 and the O iii 5592Å stellar lines emitted from a hydrogen-deficient star supports the VLTP scenario.
Our new distance value indicates that Vy 1-2 is a distant nebula (9.7 kpc) and provides a much better agreement between the kinematic age of the nebula and the evolutionary age of the central star.
[WR] or WEL type nucleus?
Apart from the detection of the common nebular emission lines, weak stellar emission lines such as C ii 6461Å, C iv 5801 and 5812Å and O iii 5592Å were also detected for the first time in this nebula in our very deep spectra (Table  7) . Their line profiles are shown in Fig. 16 . There are two groups of stars with emission lines of highly ionised He, C, O and N: [WR] (Crowther 2008) and WELS stars (Tylenda et al. 1993) . Although, both classes exhibit the same emission lines (e.g C iv doublet 5801 and 5812Å and [C iii] 5696Å), the former show much broader lines profiles and stronger intensities than the latter due to the fast and strong stellar winds.
Based on the classification scheme of Acker & Neiner (2003) and the C ii/C iv and O iii/C iv line ratios, the central star of Vy 1-2 is classified as a late-type star ([WRL] ). On the other hand, the absence of the [C iii] 5696Å line (see WLB05) in conjunction with the detection of the C iv doublet, N iii and C iii-iv 4650Å lines, also suggest a WELtype nucleus. Therefore, new high-resolution observations are required in order to confirm the spectral type of this star.
Infrared properties and SED
Vy 1-2 is also a strong infrared emitter indicating the presence of significant amount of dust. Thus far, no one had studied the infrared emission and dust properties of this compact nebula. For this study, we used infrared data from 2MASS, IRAS (IRAS 17524+2800), AKARI and WISE data archives. The data cover a wavelength range from the nearto the far-infrared.
The spectral energy distribution (SED) of Vy 1-2 is presented in Fig. 17 and displays a double-peaked profile. One peak lies at the optical wavelength due to the hot central star (100,000 K) of the nebula and the second one at 30-40 µm implying the presence of a cold dusty circumstellar shell with a temperature of ∼100-150 K. Vy 1-2 may also exhibit a small K-band excess, associated either with a hot dust component or the emission from a cool (∼2000 K) unresolved companion. The all-sky Wide-Field Infrared Survey Explorer (WISE) observed Vy 1-2 in four photometric bands at 3.35 µm, 4.6 µm, 11.6 µm and 22.1 µm (W1 through W4, respectively; Fig. 18 ). Because of the low angular resolution in these bands (6.1 ′′ , 6.4 ′′ , 6.5 ′′ and 12 ′′ , respectively; Wright et al. 2010), Vy 1-2 remains unresolved. It is worth mentioning here that W1 and W2-band images unveil the presence of a seemingly collimated outflow in the same direction as the NW knot (PA=310
• ). An arrow in Figure 18 indicates the position of the collimated structure. Despite the W3-band having a similar angular resolution to those of W1 and W2 bands, the collimated structure can not be discerned.
By scrutinizing the DSS images for Vy 1-2, we discover the presence of a very faint starlike object in the same direction as the outflow and in the same position as the NW knot (∼14 ′′ away from the central star). The detection of this field star in the DSS IR band, as well as in the W1 and W2-bands but not in the W3-band, implies a very cold star with a temperature of ∼2000 K. Note that the seemingly halo observed in the W3 and W4 band images (panels (c) and (d) in Fig. 18 ) is not a real structure since it is also apparent around the bright field stars.
WISE bands, encompass the dust continuum and several features attributed to PAH features at 3.3 µm, 8.6 µm, 11.3 µm, 12.7 µm and 16.4 µm, silicate dust features at 9.7 µm and 18 µm as well as high excitation nebular lines (e.g. [S vi], [Ne iv] and [Ne v]). However, ISO spectra are not available, prohibiting any further investigation on the dust composition. Nevertheless, the detection of single ionised recombination C lines (C ii 6578Å and 6581Å) may suggest the presence of C-rich dust. The large excess in the W3 and W4 bands may also be associated with the presence of silicate dust features. The SwSt 1 nebula exhibits these C lines as well as the silicate dust feature at 10 µm (De Marco et al. 2001) . A double-dust chemistry (O-and C-rich) is observed in PNe with [WR] or WEL type central stars, probably due to the VLTP that turn the central stars from O-rich to Crich.
In order to constrain the dust emission, we used the aforementioned broad-band infrared fluxes. The best-fitting SED to the infrared data was possible only assuming a C-rich dust model. Figure 17 displays the modelled SED of Vy 1-2. The PAHs are ∼5.7 times more abundant (by mass) than the silicates and the dust-to-gas ratio equal to 1.05×10 −2 . The total mass of the nebula and the dust mass are 0.08 M⊙ and 8.4 10 −4 M⊙, respectively. The high uncertainty of Vy 1-2's distance implies as well high uncertainties in these masses. This result is consistent with the scenario of a hydrogen deficient star and dual-dust chemistry. Interestingly, the ionized gas indicates an O-rich nebula (C/O<1), whilst the dust composition is C-rich. One possible explanation, as recently proposed by Guzmán-Ramirez et al. (2014) , is the formation of PAHs from the photo-dissociation of CO in a torus, such as the bright ring-like structure in Vy 1-2, whereas the dust in the main nebula remains O-rich. Moreover, a recent change of the stellar surface chemistry due to the second dredge-up of C, as has been proposed to explain the dual-dust chemistry in the young PN BD +3036 (Guzmán-Ramirez et al. 2015) , can also provide a plausible explanation for Vy 1-2 as well. We have to stress out though there is no available infrared spectroscopic data for Vy 1-2 and our analysis is based on the results from our best-fitting photo-ionisation model using the broad-band infrared fluxes.
In summary, a careful look at the modelled SED reveals a lower flux in the infrared H-band, indicating that this measurement may be underestimated and the seemingly K-band excess is not really an excess associated with the presence of a cold companion as previously mentioned.
CONCLUSIONS
The main conclusions of this work are summarized as follow: 1) Vy 1-2 presents a bipolar structure, seen almost pole-on. The bipolar lobes expand with velocities up to 90-100 km s −1 , whereas the bright, inner ringlike structure shows lower expansion velocities of VHα =19 km s and V [O III] =18 km s −1 . These velocities indicates a possible acceleration process of the inner nebular regions, which may be associated with the strong/fast stellar wind from a [WR] or WEL nucleus. The kinematic age of the nebula is ∼3500 years for a distance of 9.7 kpc.
2) A pair of knots is also apparent along P.A.=305
• , located at 11.5 ′′ and 14.5 ′′ and moving perpendicular to the line of sight. Assuming that they were formed approximately at the same time as the nebula, we estimated their velocities up to a value of 130±15 km s −1 . 3) Vy 1-2 is apparently an O-rich, non-type I The HBB CN-cycle must have occurred in order to explain these abundances, implying a progenitor star with initial mass 3 M⊙. 4) None of the stellar ionizing continua used in our photo-ionisation model (blackbody or H-deficient) were able to reproduce the observed ionisation balance of the elements. The spherical symmetry asssumed for the nebula may be far from the real structure of Vy 1-2, and a more sophisticated 3-D bi-abundance model is required for the proper study of its ionisation structure.
5) The low C/O and N/O abundance ratios of Vy 1-2 can not be attained by single star evolutionary models, and a post-common envelope binary system seems a more plausible scenario. The N enhancement can be explained by the binary interaction via mass-transfer exchange. 6) A very late thermal pulse may also have occurred resulting in the formation of a H-deficient star. The detection of the C ii 6461Å, the C ivλ λ 5801, 5812 doublet and the O iii 5592Å stellar lines supports this scenario. The timescale of VLTP evolutionary track for a 3 M⊙ progenitor star is consistent with the kinematic age of the nebula. 7) Vy 1-2 is found to be very bright at the mid-IR indicating large amount of dust. Its SED shows a doublepeaked profile with one peak at 30-40 µm which implies a circumstellar envelope with a temperature of ∼100 K. The C/O<1 abundance ratio of the ionised gas indicates a Orich nebula, whilst our best-fitting model predicts a C-rich dust, with PAHs being almost 5 times more abundant (by mass) than silicates. A possible interpretation of this result may be the formation of PAHs in a torus due to the photodissociation of CO and the formation of silicates in the main nebula or a recent change of stellar chemical composition due to the second dredge-up of C.
